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It’s the perfect (hot) liquid… … and a jet-quencher!

Black holes?

Local strong parity violation: the
Chiral Magnetic Effect

The experimental tools

Looking back at the early universe and exploring the phase diagram of nuclear matter

Before the universe expanded and cooled enough for protons and
neutrons to form, it existed in a state that consisted mostly of freely
roaming quarks and gluons: a primordial quark-gluon soup that
lasted up to about 10-5 seconds into the universe’s existence.

Measuring the temperature of the
perfect liquid using the light that
shines from it: the spectra of low
momentum direct photons emitted
from the collision region (on the left),
combined with a hydrodynamical
analysis of the collision evolution,
indicate that the temperature reached
in the early phases of the collision is
within 300-600 MeV, or about 4
trillion degrees. This is well above the
transition temperature needed to
“melt” protons and neutrons into the
quark-gluon soup.

RHIC can’t be used to:

• Store Anti-Matter

•                                       the entire world

• or produce Earth-engulfing black holes

BUT…

High-momentum scatterings between quarks
produce back-to-back jets of hadrons. When
these happen inside the hot and dense medium
created at RHIC, the jet can be a probe, since
it’s created early, when most of the energy is
still available, and has to traverse the medium
and interact with it before being detected.

Di-jet event in p+p collision at
the LHC, captured by the CMS
detector (above); schematic
diagram of jet production in p+p
and A+A (right)

What happens in a head-on Au+Au collision?

1. The two
incoming nuclei,
pancake-shaped
due to Lorentz
contraction,
collide; as their
constituents
interact, most of
the collision
energy is
deposited in the
overlap region.

Flow can be described in
terms of the individual
quarks: shows it is
established during early
phase

Starting with normal nuclear matter (nuclei) at the bottom of the
diagram, new states can be reached by increasing the temperature
or density. The early universe here is on the top left, and relativistic
heavy ion collisions are expected to follow trajectories starting into
the top left quadrant, and returning to the normal state, possibly
through a phase transition indicated by the lines

QED vs QCD

QuantumElectroDynamics:

• electric charge: ±1

• charge-less carrier: photon

• force decreases with distance

QuantumChromoDynamics:

• color charge: “r”, “g”, “b”

• charged carrier: gluon

• force grows with distance

                        ⇓

“asymptotic freedom”:
coupling strength is minimal at
high temperatures or densities

AGS

PHENIX: two central
spectrometers with
tracking + ID for photons,
electrons and hadrons;
forward and backward
muon spectrometers

STAR: cylindrical tracking
chamber in solenoidal
magnet, large angular
coverage; particle ID for
hadrons and high-pT
electrons, photons

BRAHMS and Phobos: small, specialized detectors,
have completed their programs and no longer take data

2. Frequent interactions between the quarks and gluons bring the
system to a stage of thermal equilibrium very rapidly

3. The system expands and cools, crossing the transition temperature,
and quarks and gluons regroup into hadrons that continue to interact

4. Interactions between the hadrons cease, and final state particles
reach the detectors

Jet energy loss can also be seen in
single particle measurements. The
nuclear modification factor, RAA,
compares the yield of particles in
A+A collisions with the same yield in
p+p collisions, scaled to account for
the number of interacting nucleons in
the A+A collision. When there is no
suppression, RAA = 1. The figure on
the right shows strong suppression of
hadrons composed of both light and
heavy quarks. Photons, which are not
subjected to the strong interaction,
are not suppressed.

Two-particle azimuthal
correlation measurements, shown
on the left, serve as a proxy for
jets. In p+p and d+Au collisions
both sides of the back-to-back
correlation are clearly present,
but in Au+Au events one of them
disappears (or is quenched),
losing its energy in the medium.

Jet-quenching puzzles:

• energy loss mechanism(s) not yet fully
understood

• strong suppression seen for heavy flavor
mesons is a surprise

• long-range longitudinal correlations
observed under jet peak (top-left): is the
“ridge” jet-related?

Recent developments:

• full reconstruction of jets (bottom-left)

• quantitative theory-data comparisons

Magnetic field scales

The Earth’s magnetic
field:
0.6 Gauss

Common magnets:
100 Gauss

Strongest stable field
in laboratory: 4.5 x
105 Gauss

Strongest ever field in
laboratory: 107 Gauss

Surface of radio
pulsars: 1013 Gauss

Surface field of
magnetars: 1015 Gauss

Non-central Au+Au
collision at 200 GeV:
1017 Gauss

Adapted from D. Kharzeev

STAR’s result on azimuthal
dependence of charge correlations as a
function of centrality is shown above.
The large difference between same
charge and opposite charge pairs for
non-central collisions suggests charge
separation effects that are consistent
with local parity violation. Also shown
are model calculations that do not
include this effect and disagree with
the trend seen in the data.

In a non-central Au+Au collision, the very
strong magnetic field created by the
colliding nuclei points along the direction
of their angular momentum, and
transverse to the reaction plane (shown
left, in grey).

This strong field, combined with the
presence of “topological domains” (small
bubbles) in the QGP where parity
symmetry may be locally violated, will
result in a separation of electric charges:
the Chiral Magnetic Effect.

The effect can be measured by
studying azimuthal correlations of
pairs of same charge and opposite
charge particles. In the presence of
the Chiral Magnetic Effect, same
charge pairs (1 and 2, above) will be
emitted preferentially into the same
hemisphere, while opposite charged
pairs (1 and 2’) will tend to go into
different hemispheres.
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How hot?

Briefly explain the idea of duality between QCD and
AdS/CFT;

Mention viscosity bound


